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The role of beef in human infections with Toxoplasma gondii is not clear. To get a better understanding of
the value of seroprevalence as an indication of the role of beef in human infections with T. gondiiwe stud-
ied the seroprevalence of T. gondii in Dutch cattle and analysed the correlation between detection of anti-
bodies and parasitic DNA. An indirect ELISA was developed and used to test a sample of the Dutch cattle
population. Since validation of the ELISA was hampered by a lack of sufﬁcient bovine reference sera, the
results were analysed in two different ways: using a cut-off value that was based on the course of the OD
in 27 calves followed from birth until 16 months of age, and by ﬁtting a mixture of two normal distribu-
tions (binormal mixture model) to the log-transformed ODs observed for the different groups of cattle in
the study population. Using the cut-off value, the seroprevalence was estimated at 0.5% for white veal,
6.4% for rosé veal and 25.0% for cattle. However, using the frequency distributions the prevalences were
higher: 1.9% for white veal, 15.6% for rosé veal and 54.5% for cattle. Next, for 100 cattle the results with
two different serological assays (ELISA and Toxo-Screen DA) were compared with detection of parasites
by our recently developed sensitive magnetic capture PCR. Toxoplasma gondii DNA was detected in only
two seronegative cattle. This discordance demonstrates that seroprevalence cannot be used as an indica-
tor of the number of cattle carrying infectious parasites. Demonstrating parasitic DNA in seronegative
cattle and not in seropositive cattle suggests that only recent infections are detectable. Whether beef
from these PCR-positive cattle is infectious to humans remains to be studied.
 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
Toxoplasma gondii is a protozoon that has a world-wide distri-
bution. Infection with T. gondii in humans can be severe, especially
when contracted transplacentally or in immunocompromised indi-
viduals. Also, evidence for deleterious health effects such as chori-
oretinitis (Burnett et al., 1998; Gilbert and Stanford, 2000) and
mental changes (Yolken et al., 2009) in immunocompetent people
is accumulating. Cats are the deﬁnitive hosts for T. gondii and will
shed millions of environmentally resistant oocysts after primary
infection (Dabritz and Conrad, 2010). Virtually all warm-blooded
species, including humans, can act as intermediate hosts. They will
develop tissue cysts, especially in muscle and nervous tissue. Peo-Inc. Published by Elsevier Ltd.
te for Public Health and the
he Netherlands. Tel.: +31 30
steegh).
Opeple can become infected with T. gondii by ingesting raw or under-
cooked meat containing tissue cysts or by ingesting cat-shed
oocysts via contaminated soil, food or water. In cattle, natural T.
gondii infection does not appear to cause clinical disease or abor-
tion (Dubey, 1986). Therefore interest in T. gondii in cattle stems
mainly from a public health perspective; if cattle carry infectious
tissue cysts they may be an important source of human infections
since beef is often consumed undercooked.
The role of beef in human T. gondii infection is unclear. There is
evidence that suggests an important role for beef as a source of hu-
man infection. Eating raw beef has been reported as one of the risk
factors that predicts acute infection (Baril et al., 1999; Cook et al.,
2000; Jones et al., 2009), and in four out of 26 human toxoplasmo-
sis outbreaks between 1965 and 2001 the most probable source
was the consumption of raw or undercooked beef (Smith, 1993;
AFSSA, 2005, http://www.afssa.fr/Documents/MIC-Ra-Toxoplas-
mose.pdf). On the other hand, it has been suggested that cattle
do not readily acquire infection (Munday and Corbould, 1979),n access under the Elsevier OA license.
344 M. Opsteegh et al. / International Journal for Parasitology 41 (2011) 343–354and that tissue cysts are not very persistent in cattle. Tissue cysts
are only infrequently recovered from experimentally-inoculated
cattle (Dubey, 1986; Dubey and Thulliez, 1993; Esteban-Redondo
et al., 1999), and there are few successful recoveries from naturally
infected cattle (Dubey, 1986) or beef samples (Aspinall et al., 2002;
Dubey et al., 2005). Taking these aspects into consideration, large-
scale screening of cattle for the presence of T. gondii is necessary to
clarify the role of cattle as carriers of T. gondii tissue cysts.
Serological assays allow high through-put testing at low costs
and are therefore preferred for screening. Although parasites are
not detected directly, the seroprevalence can give an indication
of the risk of human infection by eating meat from a certain species
if the detection of antibodies against T. gondii and the presence of
tissue cysts have a strong correlation. A strong correlation has been
shown in pigs (Gamble et al., 2005) and sheep (Dubey et al., 2008;
Opsteegh et al., 2010a), but for cattle the correlation is unclear. It is
often not possible to recover tissue cysts from seropositive cattle
and sometimes parasitic DNA is detected in serologically negative
animals (Gottstein et al., 1998; Wyss, 1999. Untersuchungen zum
Vorkommen von T. gondii und Neospora sp. im Zusammenhang
mit ﬂeishhygienischen Aspekten. Inaugural Dissertation, Bern Uni-
versity, Switzerland; More et al., 2008; Santos et al., 2010). If the
presence of antibodies is not correlated to the detection of tissue
cysts because cattle eliminate their tissue cysts, while remaining
seropositive, the value of seroprevalence as an indicator of risk
for human infection from beef is limited. The infrequent recovery
of tissue cysts from seropositive animals can also be the result of
a lack of sensitivity of the direct detection method (tissue cysts
are present but not detected) or due to a speciﬁcity problem with
the serological assay used (false positive test results). These issues
need to be addressed before any conclusions on the role of beef in
human infection can be drawn from the generally high prevalence
of antibodies against T. gondii in cattle (Dubey, 1986; Tenter et al.,
2000).
Although tissue cysts can be detected by bioassay using mice or
cats, these assays are not often used for large-scale screening be-
cause they are time-consuming and not desirable from an animal
ethics point of view. For that reason, PCR-based methods have
been developed, but these usually lack sensitivity due to the low
concentration and inhomogeneous distribution of tissue cysts in
combination with the relatively small sample used. In this study,
we use magnetic capture (MC)-PCR, which has an equal sensitivity
in comparison with the mouse bioassay (Opsteegh et al., 2010a) for
the direct detection of T. gondii in bovine samples.
A problem with speciﬁcity of the serological assays used is also
likely. Several different serological assays with varying cut-off val-
ues are currently used to test bovine sera for the presence of anti-
bodies against T. gondii (Sabin Feldman dye test (SFDT), modiﬁed
agglutination test (MAT), latex agglutination test (LAT), IFAT, indi-
rect hemagglutinating antibody test (IHAT), complement ﬁxation
test (CFT) and ELISA) and many (SFDT, MAT, LAT, IFAT, IHAT,
CFT) have been validated for use with bovine sera by testing sera
of experimentally infected animals only (Rommel et al., 1966;
Costa et al., 1977; Dubey et al., 1985; Dubey and Thulliez, 1993).
This is not sufﬁcient validation for tests applied for screening, be-
cause experimental animals are often infected with high doses and
sometimes through unnatural routes, which may cause unnatu-
rally high antibody titers. In addition, they may show low back-
ground titers with little variation before infection, since they
were kept under conditions to keep them free of T. gondii and
therefore infections with cross-reacting pathogens are also less
likely. Using this kind of reference sera, a clear discrimination of
ODs for positive and negative animals can be obtained, even
though that would not be the case in the target population. An-
other approach which is common in ELISA-based seroprevalence
studies, is to use the mean OD value for a selection of uninfectedanimals plus two to four times the SD as a cut-off value. Assuming
a normal distribution of OD values for negative sera, these cut-off
values would result in a speciﬁcity of 97.7% to almost 100%. How-
ever, OD values for uninfected animals are usually not normally
distributed but skewed to the right, making the assumption of
97.7–100% speciﬁcity invalid and, usually, an over-estimation (Jac-
obson, 1998). In addition, the number of negative sera used is often
limited or not representative of the sampling population, making
the cut-off value dependent on the sera selected. Further, since
only negative sera are used to select a cut-off value, the sensitivity
of the assay remains unknown. This approach was used for ELISA-
based T. gondii seroprevalence studies in cattle (van Knapen et al.,
1995; Gottstein et al., 1998; Wyss, 1999. Untersuchungen zum
Vorkommen von T. gondii und Neospora sp. im Zusammenhang
mit ﬂeishhygienischen Aspekten. Inaugural dissertation, Bern Uni-
versity, Switzerland). To estimate the sensitivity and speciﬁcity of a
serological assay, it is recommended to test at least 300 samples
from animals known to be infected and 1000 samples from animals
known to be uninfected (Crowther et al., 2006), which represent
the target population (Jacobson, 1998). A cut-off value can then
be selected based on accompanying test characteristics by recei-
ver-operating characteristic (ROC) analysis (Greiner et al., 1995),
but obtaining these numbers of reference sera is seldom feasible.
Therefore, methods to estimate the seroprevalence without a cut-
off value based on the use of reference sera have been developed.
If the disease under study is endemic in the target population
and the serological test is sufﬁciently discriminatory, the frequency
distribution of antibody titers should show two distributions: one
for uninfected and one for infected animals. In that case, the sero-
prevalence can be estimated directly by distribution analysis (Gre-
iner et al., 1994; Teunis et al., 2009; Opsteegh et al., 2010b) and
correction for sensitivity and speciﬁcity is unnecessary. These
methods have not yet been used to estimate the seroprevalence
of T. gondii in cattle. In this study, we use a binormal mixture mod-
el (a mixture of two normal distributions; Opsteegh et al., 2010b),
in addition to a cut-off that is based on reference sera obtained
from calves followed longitudinally, to estimate the seropreva-
lence of T. gondii.
It was our aim to develop a serological test that accurately de-
tects antibodies against T. gondii in cattle and subsequently estimate
the seroprevalence of T. gondii in Dutch cattle and investigate the
correlation between seropositivity and the detection of T. gondii
by the newly developed, sensitive MC-PCR. Because binormal mix-
ture analysis is a useful method to estimate test characteristics
when reference sera are lacking, and since ELISA results arewell sui-
ted for binormal mixture analysis, we chose to modify and validate
our in-house ELISAwhichworkswell for pigs (van der Giessen et al.,
2007) and sheep (Opsteegh et al., 2010b) for usewith bovine sera. As
the MAT appears best accepted for use with bovine sera, we addi-
tionally analysed the correlation between MAT and MC-PCR, and
compared ELISA and MAT results for a selection of sera.2. Materials and methods
2.1. Samples
2.1.1. Control serum samples
Reactivity of the ELISA was conﬁrmed using three T. gondii-po-
sitive and three negative control sera (Uggla et al., 1987; Dubey
and Thulliez, 1993). Cross-reactivity with related parasites, such
as Neospora caninum (Harkins et al., 1998) and Sarcocystis spp. (in
cattle Sarcocystis cruzi, Sarcocystis hirsuta or Sarcocystis hominis)
(Uggla et al., 1987; Savini et al., 1994, 1997) has been reported
using different T. gondii antigen preparations and was therefore
evaluated. Cross-reactivity with N. caninum was evaluated using
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(Schares et al., 1999). To evaluate cross-reactivity with Sarcocystis
spp., the sera of two calves at 88 days p.i. with S. cruzi (Uggla
et al., 1987) were tested.
2.1.2. Serum samples – longitudinal study
To study the natural course of the antibody response to T. gondii
infections in cattle and obtain sera that could be used as reference
sera for ROC curve analyses, a group of 27 calves that were born
between April and July, 2004 and reared conventionally were fol-
lowed for 16 months from birth onwards. The ﬁrst serum sample
was collected before colostrum intake and all calves except two
steers (numbers 459 and 1375) were moved to pasture from May
until October 2005. All samples were stored at 20 C until re-
quired for testing.
2.1.3. Serum samples – cross-sectional study
In 2006, 13,000 heifers, 0.5 million dairy cows, 67,000 beef cat-
tle and 1.3 million calves were slaughtered in The Netherlands
(Statistics Netherlands, 2006, http://statline.cbs.nl/StatWeb/publi-
cation/?DM=SLNL&PA=7123slac&D1=0&D2=a&D3=220,247-
258,l&HDR=G2&STB=T,G1&VW=T). Based on this population size,
the required sample size for calves with an expected prevalence
of 1% (based on historical data (van Knapen et al., 1995)) was cal-
culated at 380 (1% accepted error, 95% conﬁdence interval (CI))
(WinEpiscope 2.0 (Thrusﬁeld et al., 2001)). For cattle over
12 months of age, historical data for dairy cattle from the north
and south of the country (van Knapen et al., 1995) were combined
to estimate an expected prevalence of 20%. Using 20% as expected
prevalence, a population size of 568,000, a 3% accepted error and a
95% CI, a sample size of 683 was calculated.
The Dutch Food and Consumer Product Safety Authority (VWA)
collected 396 serum samples at four calf slaughterhouses and 676
serum samples at seven cattle slaughterhouses between Septem-
ber and December 2006. A maximum of ﬁve animals from any
one farm was allowed. Serum samples were sent to the Dutch Na-
tional Institute for Public Health and the Environment (RIVM) and
stored at 20 C until required for testing. All samples were coded
with an identiﬁcation (ID) number linked to the ear tag informa-
tion. Ear tag information was used to retrieve the age and sex of
each animal. Animals that could not be traced were excluded, leav-
ing 187 samples of calves less than 8 months of age, 178 samples of
calves between 8 and 12 months of age, and 645 samples of cattle
over 12 months old that could be used in the analyses.
2.1.4. Samples for correlation between detection of antibodies and
detection of parasites
Serum and a 100 g sample from the heart were collected from
the ﬁrst 100 cattle over 12 months old presented at the slaughter-
house in Nijmegen, The Netherlands, on 27 October, 2009. The
knife used to collect samples was rinsed in hot water to prevent
cross-contamination of samples. Again, ear tag information was
used to retrieve the age and sex of the cattle.
2.2. Serological assays
2.2.1. Antigen preparation for T. gondii ELISA
Toxoplasma gondii RH-strain tachyzoites were cultured on a pre-
cultured monolayer of rabbit kidney (RK) 13-cells in RPMI 1640
with 3% FCS, 100 U penicillin/ml and 0.1 mg/ml streptomycin. Cul-
ture was continued until all RK13 cells were lysed and free tach-
yzoites were visible in the medium. Medium with tachyzoites
was centrifuged for 10 min at 675g. Supernatant was discarded,
the pellet was washed twice in 50 ml of PBS and ﬁnally resus-
pended in 25 ml of PBS. Parasite concentration was determined
using a Bürker-Türk counting chamber and after centrifugation(10 min at 675g) the pellet was suspended in extraction buffer
(50 mM sodium phosphate pH 7.6, 1 mM phenylmethanesulfonyl-
ﬂuoride (PMSF), 2 mM EDTA pH 7.5, 2 lg/ml pepstatin) to a ﬁnal
concentration of 109 parasites/ml. Saponin and octylglucoside
were added to the suspension at a ﬁnal concentration of 0.5% of
each. The suspension was incubated for 16 h on a blood-tube rota-
tor and then centrifuged for 30 min at 50,000g at 4 C. The protein
concentration of the supernatant was determined using a Micro
BCA Protein assay kit (Thermo Fisher Scientiﬁc, Rockford, IL, USA)
and used as antigen for ELISAs.2.2.2. Toxoplasma gondii ELISA – 1:100 serum dilution
Flat bottomed polystyrene 96-well microtitre plates (microlon,
medium binding, Greiner bio-one, Alphen a/d Rijn, The Nether-
lands) were coated with 100 ll/well of 3.4 lg/ml T. gondii RH anti-
gen in 0.1 M Na2CO3 solution (pH 9.6) and incubated for 1 h at
37 C. Plates were washed four times with washing buffer
(0.07 M PBS/0.05% Tween 20 (PBS-T)) using an automated plate
washer (ELx405 Auto Plate Washer, Bio-Tek Instruments, Bad
Friedrichshall, Germany) and tapped dry. Wells were blocked by
incubation for 1 h at 37 C with 125 ll 1 blocking reagent (BR)
(blocking reagent for ELISA, Roche Diagnostics, Penzberg, Ger-
many) in demineralised water. Afterwards washing, as above,
was repeated. Serum was 1:100 diluted in 1 BR in PBS-T and
100 ll/well were added. Plates were incubated for 1 h at 37 C
and then washed. Conjugate (Horseradish peroxidase-labelled
polyclonal Rabbit Anti-cow Immunoglobulins, Dako, Heverlee, Bel-
gium) was diluted 1:7000 in 1 BR in PBS-T and 100 ll of the solu-
tion were added to each well. Plates were incubated for 1 h at 37 C
and then washed. Substrate (100 ll; Sure Blue™ TMB Microwell
Peroxidase Substrate, KPL, Gaithersburg, MD, USA) was added to
each well and incubated for 10 min at room temperature. The reac-
tion was stopped by the addition of 100 ll of 2 M H2SO4. The OD at
450 nm was read using a microplate reader (EL808, Ultra Micro-
plate Reader, Bio-Tek Instruments, Bad Friedrichshall, Germany).2.2.3. Toxoplasma gondii ELISA – 1:2200 serum dilution
To lower the background OD values for negative sera and there-
by obtain a better discrimination between negative and positive
sera, sera were tested at a higher dilution (1:2200). The concentra-
tions of antigen (6.8 lg/ml), conjugate (1:4000) and blocking buf-
fer (2% cold water ﬁsh gelatin (GCF) (Sigma–Aldrich, St. Louis,
MO, USA) were optimised to work with this new serum dilution.
The dilution buffer was prepared with 2% GCF instead of BR. The
same protocol was used to test sera with a corrected OD (ODc) va-
lue above 0.150 for the 1:2200 serum dilution protocol without
antigen-coating. In that case one well per serum sample was
coated with antigen and one was incubated only with carbonate
buffer for 1 h. All sera that showed reactivity above 0.1 for the well
without antigen-coating were excluded from further analyses.2.2.4. Toxoplasma gondii ELISA correction for plate-to-plate variation
In the 1:100 serum dilution protocol a serum sample with a
high OD value was tested in serial dilution from 1:100 to
1:12,800. Six serum samples with low OD values and test sera were
tested in duplicate. In addition six blank controls without serum
were included on each plate. In the 1:2200 serum dilution protocol
six serum samples with varying OD values and two blank controls
were included in duplicate. In both protocols OD values were cor-
rected for blank measurement and plate-to-plate variation by lin-
ear regression as described elsewhere (Opsteegh et al., 2010b),
resulting in their ODc value. Repeatability of results was conﬁrmed
from the co-efﬁcients of variance of controls included on each
plate.
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Sera from the 100 cattle that also contributed a heart sample
and a random selection of sera from the cross-sectional study
(n = 170) were additionally tested using Toxo-Screen DA (bio-
Mérieux, Marcy l’Etoile, France). Toxo-Screen DA is a commercially
available version of the MAT and it was performed according to the
manufacturer’s instructions. Sera were tested at 1:40 and 1:4000
dilution and sera which tested positive at either dilution were
scored as positive.
2.2.6. IDEXX HerdChek Neospora Antibody ELISA test kit
A random selection of 192 sera from the cross-sectional study
was sent to the Dutch Animal Health Service to test for N. caninum
reactivity with an IDEXX HerdChek Neospora Antibody ELISA test
kit (IDEXX Laboratories, Hoofddorp, The Netherlands).
2.2.7. NS3-blocking ELISA for bovine viral diarrhea virus (BVDV)
As the T. gondii tachyzoites for preparation of the ELISA
antigen are cultured on RK13 cells in RPMI containing FCS, there
is a risk of infection with BVDV (Bolin et al., 1991, 1994). If viral
proteins end up in the T. gondii antigen preparation, sera contain-
ing antibodies against BVDV may react with those. For that rea-
son the T. gondii ELISA was also checked for cross-reactivity
with antibodies against BVDV. Twenty sera that were positive
by ELISA and negative by Toxo-Screen DA, 12 sera negative by
both assays and nine sera positive by both assays were tested.
The presence of antibodies against BVDV was determined at the
Dutch Animal Health Service by using a NS3-blocking ELISA (CEDI
Diagnostics, Lelystad, The Netherlands) (Kramps et al., 1999; Mars
and Van Maanen, 2005).
2.3. PCR-based detection of T. gondii
Detection of T. gondii was performed by MC-PCR as described
elsewhere (Opsteegh et al., 2010a). Brieﬂy, 100 g of heart were
cut and digested. Toxoplasma gondii DNA was isolated from the
crude extract using MC and used as template in quantitative PCR
(qPCR), targeting the 529 bp repeat element. All samples with a po-
sitive internal ampliﬁcation control but no ampliﬁcation of T. gon-
dii DNA, were scored as negative. All samples with positive T. gondii
PCR results and an appropriate ampliﬁcation curve were scored as
positive.
2.4. Statistical analyses
2.4.1. Correlation between log-transformed OD values in IDEXX
HerdChek Neospora and T. gondii ELISA
To assess cross-reactivity with N. caninum, the variation in
log10-transformed ODc values in T. gondii ELISAs compared with
the log10-transformed OD values in the IDEXX HerdChek Neospora
was evaluated by Pearson’s correlation co-efﬁcient (SPSS 18.0,
PASW Statistics, Chicago, IL, USA).
2.4.2. Correlation between serological status for BVDV and T. gondii
Sera which gave discordant T. gondii ELISA and Toxo-Screen DA
results (n = 20) were possible cross-reactors. Prevalence of anti-
bodies against BVDV in these sera was compared with the sero-
prevalence in a selection of sera that were either negative
(n = 12) or positive in both assays (n = 9) using a v2-test (SPSS
18.0, PASW Statistics, Chicago, IL, USA).
2.4.3. Determination of a cut-off value for T. gondii ELISA
To allow comparison of seroprevalence between different age
groups in the cross-sectional study, a cut-off value was deter-
mined by ROC-curve analysis (Greiner et al., 1995) (SPSS 18.0,
PASW Statistics, Chicago, IL, USA). Since no large number of ref-erence sera (representative of the target population) was avail-
able, sera from animals in the longitudinal study that showed
a clear seroconversion or clearly remained negative were used
as reference sera. Besides a limitation in age and time after
infection, these calves represent the target population. Samples
taken prior to seroconversion were used as negative reference
sera, and those taken after seroconversion were used as positive
reference sera. Single peak values between two negative sam-
plings were regarded as false positives and included in ROC
curve analyses as negatives. Samples with a slightly increased
ODc value that were followed by a sample showing a strong in-
crease were not included as reference sera. The sample taken
prior to colostrum intake was not included if it showed a high
ODc value which decreased at the next sampling. Since the
calves have to be scored as either seropositive or seronegative
at a certain time point, samples were always scored based on
the pattern in both dilutions.
2.4.4. Seroprevalence estimation using a cut-off value
All serum samples in the cross-sectional study were classiﬁed
as positive or negative, as deﬁned by the cut-off value. Apparent
prevalence (AP) (positive samples/sample size) was calculated
separately for different age categories. AP was corrected for test
sensitivity (Se) and speciﬁcity (Sp) using the Rogan-Gladen-esti-
mator resulting in true prevalence (TP) (TP = (AP + Sp-1)/
(Se + Sp-1)) (Rogan and Gladen, 1978). Estimates for Se and Sp
of the T. gondii ELISA at 1:100 and 1:2200 serum dilutions were
obtained from ROC curve analyses. The test characteristics for the
combination of test results (regarding only those that test posi-
tive at both dilutions as positive) were calculated as Se = Se1⁄Se2,
and Sp = Sp1 + Sp2  Sp1⁄Sp2 (Dohoo et al., 2003). The CI for the
TP was estimated using the normal approximation TP ±
1.96
p
var(TP), with var(TP) = AP(1-AP)/nJ2 and J = Se + Sp-1 (Gre-
iner and Gardner, 2000). Whether differences in AP between
age categories were present was assessed using a v2-test (SPSS
18.0, PASW Statistics, Chicago, IL, USA).
2.4.5. Seroprevalence estimation using a binormal mixture model
Because the number of sera useful for ROC-curve analysis was
limited, additional analyses of the frequency distributions of
log10-transformed ODc values observed in the cross-sectional
study were performed as described previously (Opsteegh et al.,
2010b). The frequency distribution for calves younger than
8 months, calves between 8 and 12 months old, and cattle over
12 months of age were drawn and analysed separately, as these
populations are slaughtered for different types of meat: white veal,
rosé veal and beef, respectively.
2.4.6. Test agreement between T. gondii ELISA and Toxo-Screen DA
For the 268 sera additionally tested by Toxo-Screen DA, the re-
sults were compared with those from the T. gondii ELISAs by a
Pearson’s v2-test (SPSS 18.0, PASW Statistics, Chicago, IL, USA)
and test agreement was evaluated using j-statistics (WinEpiscope
2.0 (Thrusﬁeld et al., 2001)).3. Results
3.1. Validation of the serological assay
The T. gondii-positive control sera had high ODc values, whereas
the negative control sera had low ODc values (Fig. 1). The ratio be-
tween average ODc value for positive control sera (n = 3) and neg-
ative control sera including the S. cruzi-positive sera (n = 5)
increased from 1.5 to 4.4 by using the 1:2200 serum dilution pro-
tocol. For both protocols the co-efﬁcient of variation (CV) for the
Fig. 1. Toxoplasma gondii ELISA corrected OD (ODc) values (1:100 serum dilution,
circles; 1:2200 serum dilution, stars) for control sera: n1-n3 are negative controls,
Sc1 and Sc2 are calves 88 days post-experimental infection with Sarcocystis cruzi
(calves C1 and C2, respectively (Uggla et al., 1987)), Tg1-Tg3 are experimentally
infected with T. gondii. Tg1 was collected 228 days p.i. and Tg2 399 days p.i. (steers
1 and 2, respectively (Dubey and Thulliez, 1993)). N3 and Tg3 are the same calf at
3 days prior to and 133 days after infection with T. gondii (calf C3 (Uggla et al.,
1987)). Cut-off values are indicated by horizontal solid and dashed lines (at 0.54 for
1:100 serum dilution and at 0.126 for 1:2200 serum dilution).
Fig. 2. Time course of Toxoplasma gondii corrected OD values at 1:100 serum
dilution (circles, solid line) and 1:2200 serum dilution (stars, dashed line), and
reciprocal Neospora caninum IFAT titer (crosses, shaded dashed line) for cows 24 (A),
44 (B) and 49 (C) after experimental infection with N. caninum (Schares et al., 1999).
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used, declining to below 10% after correction for plate-to-plate var-
iation. For each plate the correlation (R2) between the measured
ODs for the controls on the plate and their overall mean ODs was
at least 0.95.
The three cows experimentally infected with N. caninum (Sch-
ares et al., 1999) showed a rise in T. gondii ODc value simulta-
neously with the rise in N. caninum IFAT-titer (Fig. 2A, B and C).
For one cow the rise was still substantial at a 1:2200 dilution
(Fig. 2B).
The sera from the cross-sectional study which were additionally
tested for N. caninum (n = 192) using IDEXX HerdChek Neospora,
showed a small but negative correlation (Pearson’s correlation
coefﬁcient = 0.203, P = 0.05) between T. gondii log ODc value at
1:100 serum dilution and N. caninum IFAT log-transformed OD va-
lue, and no signiﬁcant correlation (P = 0.114) was observed be-
tween the T. gondii log ODc value at 1:2200 serum dilution and
N. caninum log-transformed OD value.
The calves experimentally infected with S. cruzi showed ODc
values close to the cut-off value (Fig. 1).
A selection of sera from the cross-sectional study was tested for
BVDV. Of 20 sera which tested positive for T. gondii by ELISA but
were negative in Toxo-Screen DA, 12 (60%) tested positive for
BVDV. For the 21 sera that were either positive or negative by both
T. gondii ELISA and Toxo-Screen DA 13 (62%) were positive for
BVDV. These BVDV seroprevalences do not differ signiﬁcantly
(v2 = 0.016, P = 0.901).
3.2. Longitudinal study
For 24 out of 27 calves that were followed longitudinally, sam-
ples from at least three time points could be identiﬁed as positive
or negative based on the course of the ODc value in both serum
dilutions (Fig. 3). In total 43 positive and 141 negative reference
sera could be identiﬁed and 86 samples remained inconclusive.
ROC curve analyses with the 184 acclaimed reference sera indi-
cated an ODc value of 0.540 at serum dilution 1:100 (Se 95.3%,Sp 98.6%), and an ODc value of 0.126 at dilution 1:2200 (Se
95.3%, Sp 96.5%) as the optimal cut-off values (Fig. 4).
Fig. 3. Time course of corrected OD (ODc) values from before colostrum intake up to 16 months of age in 27 calves by Toxoplasma gondii ELISA at 1:100 serum dilution (circles,
solid line) and 1:2200 serum dilution (stars, dashed line). Samples used as reference samples in receiver-operating characteristic (ROC) curve analyses are labelled positive (+)
or negative (); samples labelled doubtful (?) were not included in ROC curve analyses. Cut-off values are indicated by shaded horizontal solid and dashed lines (at 0.54 for
1:100 serum dilution and at 0.126 for 1:2200 serum dilution). All calves except numbers 459 and 1375 were turned out to pasture from May until October 2005.
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3.3.1. Seroprevalence estimation using a cut-off value
A total of 1010 cattle from the cross-sectional study could be
traced based on ear tag number and their serum samples were
tested by ELISAs. Fifteen sera that were positive at a level above
0.150 at 1:2200 serum dilution showed background ODc values
above 0.100 if tested without antigen coating; seven were above
0.300. Because the T. gondii infection status could not be deter-
mined for these 15 sera, they were excluded from further analyses.
After classifying the remaining 995 sera as positive or negative
as determined by the cut-off value (0.540 at 1:100 and 0.126 at
1:2200) or the combination of test results, the seroprevalence
was calculated for different age categories (Table 1). Additionally,cattle over 12 months old were sub-grouped according to age
and sex (Table 2). The apparent prevalence was higher in cattle
over 12 months old (22.7%), than in fattening calves less than
8 months of age (0.5%) and calves between 8 and 12 months of
age (5.9%) (v2 = 68.8, P < 0.000). For cattle over 12 months old,
apparent prevalences did not differ per age category (v2 = 9.070,
P = 0.170).
3.3.2. Seroprevalence estimation using binormal mixture model
For the 995 sera included in the analyses the frequency distri-
butions of the log-transformed ODc values at 1:100 and 1:2200
serum dilution were analysed per age category. At 1:100 serum
dilution the frequency distributions of log-transformed ODc values
were best described by assuming a mixture of two populations
Table 2
Number and percentage of serum samples from cattle over 12 months old, which
tested positive for Toxoplasma gondii by ELISA at both serum dilutions, by age group
and sex.
Age Female Male Total
(years) n posa % n posa % n posa %
1–2 5 1 20.0 40 5 12.5 45 6 13.3
2–3 37 10 27.0 23 2 8.7 60 12 20.0
3–4 95 30 31.6 3 0 0.0 98 30 30.6
4–5 107 29 27.1 1 1 100.0 108 30 27.8
5–6 118 27 22.9 2 0 0.0 120 27 22.5
6–7 75 15 20.0 2 1 50.0 77 16 20.8
>7 129 24 18.6 1 0 0.0 130 24 18.5
All 566 136 24.0 72 9 12.5 638 145 22.7
a Positive (pos) if corrected OD value >0.540 at 1:100 serum dilution and cor-
rected OD value >0.126 at 1:2200 serum dilution.
Fig. 4. Receiver-operating characteristic (ROC) curve analysis for Toxoplasma gondii
ELISA at 1:100 (solid line) and 1:2200 (dashed line) serum dilution based on the 43
sera that were identiﬁed as positive and the 141 sera that were identiﬁed as
negative out of 270 samples from 27 calves followed over time (Fig. 3).
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3.5%) for the calves less than 8 months old, at 15.6% (95% CI:
10.3–21.0%) for calves between 8 and 12 months and at 54.5%
(95% CI: 46.6–65.1%) for cattle over 12 months old. Testing at
1:2200 decreased the observed log-transformed ODc values and a
mixture of two distinctive distributions could not be identiﬁed
(Fig. 6).3.4. Correlation antibodies and detection of parasites
Of the 100 cattle tested for T. gondii DNA, two tested positive by
MC-PCR, both with a high Cp value (40.00 and 37.29), indicating a
low concentration of parasitic DNA. Both were negative by ELISA
and Toxo-Screen DA (Table 3). One was an 8-year old dairy cow;
the other was a 3.5-year old bull. All 17 ELISA-positive and three
Toxo-Screen DA-positive cattle were negative by MC-PCR.3.5. Test agreement between T. gondii ELISA and Toxo-Screen DA
All sera from cattle for which heart samples were tested by MC-
PCR that did not show aspeciﬁc binding (n = 98) and sera from 170
cattle in the cross-sectional study were additionally tested byTable 1
Number of bovine serum samples which tested positive for Toxoplasma gondii by ELISA (at 1
(AP), and true prevalence (TP) with 95% conﬁdence interval (CI) by age group.
Age (months) n Number of positive results (AP)
1:100a 1:2200b Bothc
<8 187 1 (0.5) 1 (0.5) 1 (0.5)
8–12 170 16 (9.4) 16 (9.4) 10 (5.9)
>12 638 209 (32.8) 183 (28.7) 145 (22.
All 995 226 (22.7) 200 (20.1) 156 (15.
a Positive if corrected OD value >0.54.
b Positive if corrected OD value >0.126.
c Positive if corrected OD value 1:100 > 0.54 and corrected OD value 1:2200 > 0.126.Toxo-Screen DA. Although samples positive by ELISA at both serum
dilutions were more likely to test positive by Toxo-Screen DA than
ELISA-negative samples (Table 4, v2 = 10.0, P = 0.007) the agree-
ment between tests was poor (j = 0.084).4. Discussion
In this study the seroprevalence of T. gondii in Dutch cattle was
studied using an ELISA, and the correlation of the ELISA with the
presence of parasites was subsequently studied using a sensitive
PCR method. The ELISA was validated using several different con-
trol sera. The repeatability of the ELISA was good. Cross-reactivity
with N. caninum-positive sera was investigated in two ways. For
cattle experimentally infected with N. caninum, a rise in ODc value
in the T. gondii ELISA was observed simultaneously with the rise in
IFAT-titer for N. caninum, suggesting cross-reactivity. On the other
hand, for 192 sera from the cross-sectional study, the T. gondii ELI-
SA did not show an increase in ODc value with increasing OD value
in the Neospora ELISA. Possibly the cattle used for the N. caninum
infections were not T. gondii-free and a rise in their T. gondii titer
is measured after N. caninum infection. A boost of T. gondii antibod-
ies by a N. caninum infection has been described previously for
sheep vaccinated against T. gondii (Innes et al., 2001). It could also
be that cross-reactivity with N. caninum occurs, especially in exper-
imental infection. The cattle were infected by i.v. inoculation with
1  106 N. caninum tachyzoites (Schares et al., 1999), possibly lead-
ing to very high antibody levels and antibodies directed to epitopes
that are not exposed during natural infection. In conclusion, results
with the experimentally infected cows and the ﬁeld sera indicate
that although there may be some cross-reactivity with N. caninum,
it did not signiﬁcantly inﬂuence the results of T. gondii ELISAs for
ﬁeld sera.
Cross-reactivity with Sarcocystis spp. could be a more important
issue as the prevalence in cattle in the Netherlands is assumed to
be high. A small study (n = 91) in the 1980s demonstrated 100% po-:100 and 1:2200 serum dilution and combination of test results), apparent prevalence
TP (95% CI)
1:100a 1:2200b Bothc
0.0 (0.0–0.2) 0.0 (0.0–0.0) 0.5 (0.0–1.7)
8.5 (3.9–13.2) 6.4 (1.7–11.2) 6.4 (2.5–10.3)
7) 33.4 (29.5–37.3) 31.9 (27.9–35.8) 25.0 (21.4–28.6)
7) 22.7 (19.9–25.5) 18.1 (15.4–20.8) 17.2 (14.7–19.7)
Fig. 5. Relative frequency distribution of log-transformed corrected OD (ODc)
values from Toxoplasma gondii ELISAs at 1:100 serum dilution (bars), ﬁtted normal
distributions (curves), and cut-off value (vertical line) for calves less than 8 months
old (n = 187), calves between 8 and 12 months old (n = 170), and cattle over
12 months old (n = 638).
Fig. 6. Relative frequency distribution of log-transformed corrected OD (ODc)
values from Toxoplasma gondii ELISAs at 1:2200 serum dilution (bars), ﬁtted normal
distributions (curves), and cut-off value (vertical line) for calves less than 8 months
old (n = 187), calves between 8 and 12 months old (n = 170), and cattle over
12 months old (n = 638).
Table 3
Number of Toxo-Screen DA and magnetic capture (MC)-PCR positive results for cattle
(n = 100) grouped by combinations of Toxoplasma gondii ELISA results at different
dilutions.
ELISA results No. of cattle Toxo-Screen DA MC-PCR
1:100a 1:2200b Posc Posd
Neg Neg 66 0 2
Neg Pos 3 0 0
Pos Neg 14 1 0
Pos Pos 15 2 0
Aspeciﬁc binding 2 0 0
a Positive (pos) if corrected OD value >0.540, negative (neg) if not.
b Pos if corrected OD value >0.126, neg if not.
c Pos if agglutination is observed at 1:40 and/or 1:4000 serum dilution.
d Pos if ampliﬁcation was detected.
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and, more recently, 94% of 67 Belgian minced beef samples tested
positive for Sarcocystis spp. (Vangeel et al., 2007), whereas N. cani-
num has a seroprevalence of 9.9% in Dutch dairy cows and 13.0% in
Dutch beef cattle (Bartels et al., 2006). Since an assay for antibodies
against Sarcocystis spp. in cattle is not available we were limited to
testing the sera of two calves experimentally infected with S. cruzi
in our T. gondii ELISA. For these two samples ODc values close to
the cut-off value were shown at the 1:100 and 1:2200 serum dilu-
tion. Consequently cross-reactivity with Sarcocystis spp., may have
inﬂuenced our results although it is likely that, as with N. caninum,
these experimentally infected calves show more cross-reactivity
than naturally infected animals would.
Cross-reactivity with antibodies against BVDV was ruled out as
the BVDV seroprevalence in possibly cross-reactive cattle (positive
by T. gondii ELISA but negative by Toxo-Screen DA) (60%) did notdiffer from the seroprevalence in cattle with corresponding ELISA
and Toxo-Screen DA results (62%). The observed seroprevalence
Table 4
Cross-tabulation of Toxoplasma gondii ELISA and Toxo-Screen DA results for 268
bovine serum samples.
Toxo-screen DA ELISAa
Neg Pos Total
Neg 153 68 221
Doubtful 19 4 23
Pos 10 14 24
Total 182 86 268
a Positive (pos) if corrected OD value >0.540 at 1:100 serum dilution and cor-
rected OD value >0.126 at 1:2200 serum dilution, negative (neg) if not.
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Dutch cattle (Kramps et al., 1999).
In addition to some cross-reactivity, aspeciﬁc binding to a plate
without antigen coating was observed. Problems with unexplained
false-positives have been reported previously (Mars and Van Maa-
nen, 2005). As this aspeciﬁc binding is not related to the T. gondii
antigen it is something that should be considered in every ELISA
testing bovine sera (it was not observed with sheep or swine sera).
In this case, the problem was solved by excluding these samples
from the analyses.
The ELISA was used to test sera from a group of calves that were
sampled regularly and 183 sera could be used as reference sera to
establish a cut-off value by ROC-curve analysis. After using the
course of the ODc value in these calves to establish a cut-off value,
the ELISA was used to test a sample of the Dutch cattle population
to investigate the seroprevalence of T. gondii. The ELISA results
were ﬁrst analysed using the cut-off value from the longitudinal
study. Seroprevalences obtained accordingly were comparable to
the 1.2% for fattening calves, 26.4% for steers and 12.8% to 42.6%
for dairy cattle reported previously (van Knapen et al., 1995). The
seroprevalence did not increase with age for cattle over 12 months
old. This has been shown previously on farms with cats (Gilot-Fro-
mont et al., 2009) and suggests that antibodies do not persist life-
long. Since the cut-off value was established with a low number of
reference sera, we decided to additionally estimate seroprevalence
without the use of a cut-off value by binormal mixture analysis. At
the 1:100 serum dilution the frequency distributions for all age
groups were best described by a mixture of two distributions,
and the seroprevalences could be estimated. However, the fre-
quency distributions also indicated a lack of discriminative power
of the ELISA. The two distributions that were recognised showed
considerable overlap. This lack of discriminative power was unex-
pected as the ELISA, of which only the blocking protein and the
conjugate had been replaced, has given good results for pigs (van
der Giessen et al., 2007) and sheep (Opsteegh et al., 2010b). This
lack of discriminative power could also explain the difference be-
tween seroprevalences estimated using the mixture model and
the cut-off value, especially for cattle over 12 months old. As the
distributions for the positive and negative populations are not well
separated, a small difference between the estimated and true opti-
mal cut-off value will have a large effect on the estimated preva-
lence. The overlap in the frequency distributions also shows that
the Se and Sp were overestimated by ROC-curve analysis using this
limited number of reference sera. In our opinion the estimates
from the binormal mixture model are more reliable. In the fre-
quency distributions for the 1:2200 serum dilution no distinctive
distributions were identiﬁed. It seems that, although the 1:2200
serum dilution protocol increased the ratio between ODc values
for positive and negative control sera, it decreased the discrimina-
tive power in naturally infected cattle. Positive control sera proba-
bly have titers that are still above the minimum concentration that
can be detected after 1:2200 dilution, but positive ﬁeld sera may
have titers that become undetectable at this dilution. This demon-strates the importance of developing and validating serological as-
says using sera that represent the target population.
Although it has been recommended to graphically present test
results (Greiner and Gardner, 2000), other studies that present a
frequency distribution with the results for T. gondii antibodies in
cattle are scarce. In Serbia, cattle (n = 611), sheep (n = 511) and pigs
(n = 605) were tested for T. gondii antibodies using a MAT (Klun
et al., 2006). Animals were classiﬁed as seropositive with a MAT
titerP1:25, but in the frequency distributions a split can be ob-
served at 1:200 for sheep and pigs. For cattle, similar to our ﬁndings,
no split is present and high titers are not detected. In Argentina, cat-
tle (n = 90) were tested for S. cruzi, N. caninum and T. gondii by IFAT
(More et al., 2008). For all three assays the cut-off was set atP1:25.
The distributions for S. cruzi and N. caninum showed a split at 1:50.
The distribution for T. gondii did not show any split and again, no
high titers against T. gondii were detected. In addition, even more
authors report that the highest titers for cattle are low compared
with the highest titer for T. gondii in other animal species (Bekele
and Kasali, 1989; Matsuo and Husin, 1996; Cabannes et al., 1997;
Pita Gondim et al., 1999). The ﬁndings in these papers demonstrate
that the problem with the lack of discriminative power is not lim-
ited to our ELISA, but happens with different types of serological as-
says. Maybe cattle become infected but are capable of clearing the
infection, after which their antibody titer declines. In that case you
would still expect to ﬁnd some recently infected animals at their
peak antibody concentration, but it has been described that cattle
infected later in life only develop low titers (Dubey et al., 1985).
Possibly, the cell-mediated IFN-c response, which is known to be
important in immunity against T. gondii in mice (Suzuki et al.,
1988; Suzuki and Remington, 1988, 1990; Parker et al., 1991) and
sheep (Innes et al., 1995), predominates in older cattle. Conse-
quently, the distribution for the positive populationwill show a rel-
atively low mean log ODc value as it consists of animals that were
infected early in life in which the titers have declined, and of ani-
mals that got infected later in life in which a high antibody titer
does not develop. Discriminatory power may be further reduced
by an increased mean log ODc value for the negative population
due to a high prevalence of cross-reactive pathogens.
Since our main goal was to gain an indication of the role of beef
in human infections with T. gondii and as antibodies are not infec-
tious, the correlation between the presence of antibodies and detec-
tion of parasites by PCR was studied. Although serological results
and detection of parasitic DNA correlates well in sheep (Opsteegh
et al., 2010a) they were found completely discordant in cattle for
both ELISA and Toxo-Screen DA. PCR detection of T. gondii in sero-
negative cattle has been described previously. Santos et al. (2010)
reports two T. gondii PCR-positive brains from serologically nega-
tive cattle. More et al. (2008) found two heart samples positive by
PCR although one was negative in a MAT, Gottstein et al. (1998)
found four fetal brains positive by PCR, although only two were
serologically positive and Wyss (Wyss, 1999. Untersuchungen
zum Vorkommen von Toxoplasma gondii und Neospora sp. im
Zusammenhangmit ﬂeishhygienischen Aspekten. Inaugural disser-
tation, Bern University, Switzerland) reports nine PCR-positive cat-
tle out of which only two were also positive in ELISA. Possibly only
recently infected animals, which have not yet developed antibodies,
have a parasite load high enough to be detectable by direct assays.
Seropositive animals may either have cleared their infection, have
parasites present in unusual locations such as the intestines (Du-
bey, 1992), or have parasites present at a concentration below the
detection limits of the current assays. This hypothesis of recent
infections is supported by the fact that all detection of T. gondii in
seronegative cattle was by PCR and not by bioassay (Dubey and
Streitel, 1976; Dubey et al., 2005). In PCR the initial phase with
tachyzoites would be detectable however, because tachyzoites are
less infective for cats (Dubey and Frenkel, 1976) and only occasion-
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(Dubey, 1998), they are less likely to be detected by bioassays. An-
other difference between PCR and bioassay detection is the ability
to detect non-viable parasites by PCR. In our opinion, the results
nevertheless demonstrate that viable parasites can be present in
cattle as parasites must have been multiplying before becoming
detectable in the heart. It does, however, mean that the prevalence
of PCR-positive cattle is likely to over-estimate the prevalence of
cattle carrying live parasites. This over-estimation depends on the
duration of live versus dead parasites being detectable, which is un-
known at this point but could be studied by development of an
mRNA detection system to differentiate live from dead parasites.
If it is indeed predominantly tachyzoites, and not tissue cysts, that
are present viably in infected cattle, it remains to be studied
whether beef from these cattle is infectious to humans.
In conclusion, we have shown that it is difﬁcult to develop a
serological assay that is sufﬁciently discriminatory to reliably de-
tect the presence of antibodies against T. gondii in cattle. This is
probably caused by the fact that cattle, in contrast to other animals,
do not show high titers against T. gondii. This could be an effect of
the alleged capability of cattle to clear the infection. This idea that
cattle can clear their infection could also explain the ﬁnding that
cattle positive for T. gondii by direct detection are more likely to
be seronegative as clearance is likely to occur in line with serocon-
version. Our results suggest that the risk of human infection from
seropositive cattle is low and that, if detected parasite DNA repre-
sents the presence of infectious T. gondii, the risk of infection is
higher from seronegative cattle. In cattle the seroprevalence of T.
gondii cannot be used as an indicator of the number of cattle carry-
ing tissue cysts.
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